Abstract: The determination of deoxynivalenol (DON) in corn by liquid chromatography with DAD detection was optimized. The separations were achieved on a Hypersil ODS column (100´4.6 mm; particle size 5 mm) by isocratic elution (0.6 cm 3 /min), a mobile phase consisting of acetonitrile-water in the ratio of 16:84. UV Detection was performed at 220 nm. Linear calibration curves were constructed in the concentration range of 0.72 -12.00 ng/ml (equivalent to 0.29 -4.8 mg/g corn). The detection limit measured as the signal-to-noise ratio (3:1) was 0.16 ng/ml for DON (equivalent to 0.06 mg/g corn). The efficiencies of two clean-up principles for crude corn extract were compared: solid-phase and immunochemical extraction. The efficiency of solid-phase extraction was found to be higher, with a value of 92.7 % when MycoSep 225 columns were used, while its value was 97.6 % when self-made activated charcoal-alumina-Celite-cationic columns were used. In contrast, the efficiency of the immunochemical columns (IMA) was only 73.8 %. It was also found that the self-made columns could be used at least three times in a row, in that way differing from the MycoSep 225 columns, which could not be reused either with or without regeneration, as well as from the IMA columns, which had a regeneration efficiency of 53.6 %.
INTRODUCTION
Deoxynivalenol (DON) is a member of the trichothecene family of mycotoxins. The occurrence of DON is associated primarily with Fusarium graminearum (Gibberella zeae) and Fusarium culmorum, both of which are important plant pathogens commonly found in cereal and other crops. 1 Although DON is among the least toxic of the trichothecenes, it is the most frequently detected one throughout the world and its occurrence is considered to be an indicator of the possible presence of other, more toxic trichothecenes. 2 The consumption of contaminated feeds by livestock has been associated with a variety of adverse health effects including feed refusal, reduced weight gain, diarrhea and emesis. 3, 4 No agreement has been reached on the maximum permitted levels for DON, which thus vary from country to country and depend on the substrate type. The U.S. Food and Drug Administration permits a maximum of 1000 ng/g of DON in finished wheat products. 2 Russia 2 has the same maximum permitted level of DON in wheat, flour and bran, China 5 in cereals for human consumption, as well as Switzerland. 6 Austria, 2 however, has guidelines of 500 ng/g of DON in wheat and rye and 750 ng/g in durum wheat intended for foods. Health Canada has set the highest guideline of 2000 ng/g in uncleaned soft wheat destined for human consumption. The maximum permitted level of DON in feed and groceries has not yet been set in Serbia and Montenegro. There are also no available data about its presence in this country.
Structurally, DON is a polar organic compound, which belongs to type B trichothecenes, and its chemical name is 12,13-epoxy-3a,7a,15-trihydroxytrichothec-9-ene-8-one (Fig. 1) . 3 Many analytical procedures have been developed for determining DON in corn and corn-based foods and feeds, including several liquid chromatography techniques (LC), gas chromatography, thin layer chromatography, and enzyme-linked immunosorbent assays. [1] [2] [3] The most frequently used techniques today are liquid and gas chromatography. Different authors, however, present different data in respect to the determination procedure using the same method, as well to the accuracy and precision of the method.
Chromatographic determination of DON from corn and corn-based products is preceded by extraction from the sample, followed by a clean-up of the raw extract using different columns. Activated charcoal-alumina columns, both without 7, 8 and with a cation exchange resin, 9 immunoaffinity columns (IMA) 10, 11 and multifunctional MycoSep columns 12, 13 can be used for this purpose. Today, multifunctional MycoSep columns are widely used for clean-up. The main shortcoming of these columns is that they are for single-use only (according to the manufacturer).
Bearing all of the above in mind, the objective of the present work was the optimization of the experimental conditions for the LC determination of DON, on the one hand, and a comparison of two clean-up principles of the raw corn extract re- garding recovery and the possibility of multiple use and regeneration for different columns, on the other.
EXPERIMENTAL

Materials
All the solvents used for the DON extraction from corn samples, as well as for the preparation of the mobile phase were of LC grade. All chemicals used in the investigation were of reagent grade. The solutions were prepared in doubly deionized water except when stated otherwise.
Deoxynivalenol (Biopure, Tulln, Austria) was purchased as an analytical standard. A calibrant solution was prepared in ethyl acetate-methanol (19:1, v/v) at a concentration of 144.0 mg/cm 3 from the crystalline substance according to the AOAC method 986.17. 14 A stock solution containing DON at a concentration of 14.4 mg/cm 3 was prepared by measuring 1.00 cm 3 of the DON calibrant solution into a 10 cm 3 volumetric flask and diluting to the mark with ethyl acetate-methanol (19:1, v/v). Working calibrant solutions were prepared by evaporation of an appropriate volume of the stock solution and dilution with an appropriate volume of methanol. The standard solutions were stored at 4 ºC.
Activated charcoal (Darco G-60, Sigma-Aldrich, Steinheim), Alumina (70-230 mesh, Merck, Darmstadt) and Celite (545, Merck, Darmstadt), were used as received.
A cation exchange resin (0.3 -0.9 mm, Kemika, Zagreb) was washed with 10 cm 3 of methanol prior to use.
Apparatus
The equipment consisted of an LC system -HP1090 Liquid Chromatograph (Hewlett Packard, Palo Alto, CA, USA) with a DAD detectore (Hewlett Packard, Palo Alto, CA, USA) and a Hypersil ODS column (100´4.6 mm i.d., particle size 5 mm, Agilent Technologies, USA).
Activated charcoal-alumina-Celite-cation exchange resin (CACC) column. The column was prepared in the following way: a plug of glass wool was inserted into the tapered end of a glass tube (9 cm´1.5 cm i.d.); then 0.1 g of Celite and 1.5 g of a mixture of activated charcoal, alumina and Celite (7:5:3) were added, loosely packed, and tapped to level. Finally, 2 g of prewashed cation exchange resin was added and lightly compacted above activated charcoal-alumina-Celite by pushing down a second glass wool plug.
Immunoaffinity columns DON-test-HPLC (Vicam, Watertown, MA, USA). Multifunctional columns MycoSep TM 225 (Romer Labs, Inc., Washington, USA).
The following equipment was used to perform the analyses: a magnetic stirrer (MM-530, Tehtnica @elezniki, Yugoslavia), a rotary evaporator (Rotavapor-R, Buchl, Switzerland), 1.5 mm microfiber filters (110 mm i.d., Vicam, Watertown, MA, USA), pipettes of different volumes (Eppendorf, Hamburg, Germany), 5B Advantec filter paper (0.13 mg/circle, 125 mm i.d., Toyo Roshi Kaisha, Ltd., Japan), and a single position pump stand (Vicam, Watertown, MA, USA).
Procedure
Principle. DON was extracted from corn with water or with a mixture of acetonitrile-water. After filtration, the crude extract was cleaned-up on one of the columns. The eluate was evaporated just to dryness, the residue was redissolved in methanol and analyzed by reversed-phase LC with DAD detection.
Preparation of a spiked corn sample. A 1000 g corn sample (blank material, DON at < 0.06 mg/g) was prepared by grinding in a laboratory mill to pass a 1.0 mm sieve and subsequently well mixed. The corn sample prepared in this way was then stored at -20 ºC. Prior to analysis, the sample was defrosted and 25.0 g were measured into a 500 cm 3 Erlenmeyer flask. Then, the corn sample was spiked with a known volume of stock standard solution of DON, kept at room temperature for 180 minutes and then analyzed.
Extraction and clean-up. The extraction procedure for DON depended on the way the crude corn extract had been cleaned-up. If a CACC column was used, 25.0 g of the sample were extracted with 100 cm 3 of acetonitrile-water (84:16, v/v) and shaken on a magnetic stirrer for 60 minutes. After filtration through Advantec fileter paper, 3.0 cm 3 of the extract were applied to the prepared column. The column was then washed with 5 cm 3 of a solvent mixture comprising of acetonitrile (ACN)-water (84:16, v/v) at about 0.6 cm 3 /min. The cleaned-up extract was evaporated to dryness, dissolved in 3 cm 3 of ethyl acetate and quantitatively transferred to an evaporation vessel by triple washing with 1.5 cm 3 ethyl acetate. The eluate was evaporated just to dryness.
When a MycoSep 225 column was used, the extraction and filtration procedures were the same as previously described. A total of 6 cm 3 of raw extract was placed into the culture tube of a MycoSep 225 column, in which a column was then inserted, with the cleaned-up extract appearing above the filter discs. The pushing speed for the solution was 2 cm 3 /min. Then 3.0 cm 3 of the cleaned-up extract was transferred into an evaporation vessel and the rest ofthe procedure was the same as for the CACC column.
If an IMA column was used, the DON was extracted with 100 cm 3 of water containing 5 g of polyethylene glycol, by stirring on a magnetic stirrer for 60 min. The extract was first filtered through Advantec filter paper, and then through a 1.0-mm glass microfiber filter. Then 3.0 cm 3 of the filtrate were applied to an IMA column. After rinsing of the column with 5 cm 3 of water, DON was eluted using 1 cm 3 of methanol, at a rate of 1 drop per 10-15 seconds. The eluate was evaporated just to dryness.
Liquid chromatography. Regardless of the column used, the purified, evaporated residue was redissolved in 300 ml methanol and a 15 ml aliquot of the solution was injected into the LC system.
Quantitative determination. The calibration curves used for quantitative determination were constructed on the basis of the area under the DON chromatographic peaks, using working standard solutions.
RESULTS AND DISCUSSION
Preliminary study
As has already been pointed out, the use of LC with different column clean-ups has been described in literature for the determination of DON under different experi- mental conditions. For this reason, preliminary research included the determination of the optimal conditions for separation, detection and determination of DON. Firstly, the optimal mobile phase was investigated. It was found in literature that a mixture of acetonitrile-water, was the most frequently used mobile phase 10, 15, 16 but that a mixture of methanol-water was also used. [7] [8] [9] 12 Since the literature data differ greatly in respect to the mobile phase composition, this was investigated using our experimental conditions.
For the investigation of the effect of the ACN-water mobile phase composition on the determination of DON, the volume ratio of ACN-water was varied from 10:90 to 20:80. As can be seen from Fig. 2 , an increase in the volume fraction of ACN causes a decrease in the DON retention time, as well as a merging of the DON and solvent peaks. A volume ratio of 16:84 proved to be optimal (Fig. 2, b) .
To investigate the effect of the methanol-water mobile phase on the possibility of the chromatographic determination of DON, the volume ratio was varied in the interval from 30:70 to 5:95. However, as can be seen in Fig. 3 , regardless of the mobile phase composition, the DON peak is broad, making quantification difficult. Lowering the percentage of methanol increases the retention time, causing an even greater lagging of the peak. If Figs. 2 and 3 are compared, it can be concluded that the mobile phase ACN-water is more adequate for the determination of DON by the LC system at our disposal, hence, for further investigations it was used exclusively in the ratio of 16:84.
The influence of flow rate on the determination results was also examined (0.4 -0.9 cm 3 /min). It was found that at flow rates above 0.7 cm 3 /min, the separation of the DON and solvent peaks is unsatisfactory. For this reason, as well as because of the high DON spectrum purity (degree of identity 0.999), a flow rate of 0.6 cm 3 /min was chosen. For LC determination of DON, most authors use 220 nm as the detector wavelength chromatogram recording, although numerous examples exist for the use of similar wavelengths, primarily 218 nm, 10,17 221 nm, 16 222 nm, 9 as well as other wavelengths, such as 225 nm, 15 229 nm, 7 and 236 nm. 17 For this reason, the effect of the detector wavelengths on the possibility of DON quantification, i.e., on the shape of the chromatogram, was investigated. It was found that in the wavelength region from 218 to 236 nm, no significant improvement in the peak ratio of DON to matrix peaks for spiked corn samples exists, hence, further investigations were performed at 220 nm since the height and area of the DON peak were the highest at this wavelength.
The linearity of the method was assessed by standards ranging in concentration from 0.72 -12.00 ng/ml of DON (nine points in total), i.e., 0.29 -4.8 mg/g corn. The equation of the calibration curve was as follows: The detection limit, measured as the signal-to-noise ratio (3:1), was 0.16 ng/ml for DON, corresponding to 0.06 mg/g DON in corn, which is significantly lower than the recommended maximum permitted level. 2, 5, 6 As the DON content may, in some samples, vary from very low to very high, the effect of injecting different volumes of the same working solution (5.85 ng/ml) on the determination results was investigated. A linear dependency was found in the volume range from 5 to 25 ml (r = 0.9993).
Comparison of the two clean-up principles
After determining the optimal LC conditions, the efficiencies of two crude corn extract clean-up procedures for the LC determination of DON were investigated and compared. One of them was based on the use of solid-phase extraction and the other on the use of immunoaffinity columns.
The principle of solid-phase extraction is based on adsorption and ion-exchange process whereby nearly all-interfering substances are retained on the column, while the cleaned-up extract passes through. Two kinds of solid-phase extraction columns were investigated: one, a self preposed column, containing activated charcoal, alumina, Celite (diatomaceous earth) and a cation exchange resin (Fig. 4a) , and the other, a commercial MycoSep 225 column several adsorbents: activated charcoal, Celite, ion-exchange resin and others 13 (Fig. 4b) . As can be seen, both columns proved to be almost equally efficient in the elimination of inter-fering substances from the matrix. It was found, however, that the efficiency, as well as the extraction precision of the self-prepared CACC columns were higher, with an efficiency of 97.6 % (seven determinations) and an RSD value of 3.4 %, while the efficiency of the MycoSep 225 columns was 92.7 % (six determinations) with an RSD of 7.4 %. It was also found that with MycoSep 225 columns, if ethyl acetate was used for the dissolution of the dry residue of the cleaned-up extract, it is possible to successfully clean-up up to 6 cm 3 of raw extract (according to the manufacture's declaration 2 cm 3 of crude grain extract). This indicates the possibility of successful analysis of samples with a lower DON content.
The principle of IMA column clean-up is based on the specific bonding of mycotoxins (in this case of DON) to monoclonal antibodies bonded to an appropriate substrate. 18 As can be seen (Fig. 4c) , the efficiency of the removal of interfering matrix substances removal was somewhat better in this case, since the base line was lower, and a chromatogram more appropriate for DON quantification was obtained. The advantage of the use of IMA column is also reflected by the fact that for DON extraction from corn, water containing 5 g of poly(ethylene glycol) is used instead of a ACN-water (84:16) mixture, moving, as a consequence, towards the concept of green chemistry. The precision of the results is high (RSD 2.8 %), but the efficiency is relatively low, with a value of only 73.8 % (six determinations). It was also investigated if an additional 1 cm 3 of methanol would improve the recovery. This additional elution, however, had no effect.
The possibility of multiple use of all the columns in question was also investigated. Namely, according to the manufactures of IMA and MycoSep 225 columns, these columns are for single-use only, which significantly raises the cost of analysis. For this reason, great attention was devoted to the investigation of the possibility of their multiple use, as well as of their regeneration. Multiple use of MycoSep 225 columns was not possible for technical reasons. Regeneration of the MycoSep 225 column was attempted with a 0.1 mol/dm 3 solution of hydrochloric acid. However, it was found that MycoSep 225 columns could not be regenerated in this way, which had proven to be successful for the regeneration of strong anion exchange columns in the chloride form. 19 Multiple use of IMA columns was not possible. Namely, even in the second use of an IMA column, DON was not retained on the column at all, passing through with the matrix. Regeneration of the IMA column consisted of rinsing the column with distilled water, which was found to be efficient for the regeneration of IMA columns for other nycotoxins. 18 However, the efficiency of the regenerated IMA column was significantly lower, having a value of only 53.6 % (seven determinations), with an RSD of 6.0 %. It was also found that regardless of the time of regeneration (1-72 h), the regeneration efficiency remained the same.
Only the self-prepared columns (activated charcoal, alumina, Celite and cationite) could be used at least three times without regeneration.
CONCLUSION
The optimal conditions for LC determination of DON were investigated. Upon comparing the efficiency of the two clean-up principles for crude corn extract for LC determination of DON, higher efficiencies were observed for solid-phase extraction, using MycoSep 225 columns, the efficiency was 92.7 %, and using the column containing activated charcoal, alumina, Celite and a cationic exchange resin 97.6 %. The efficiency of the IMA columns, however, was significantly lower having a value of only 73.8 %. It was also observed that columns filled with activated charcoal, alumina, Celite and a cationic exchange resin could be used at least three times in a row, in that way differing from the MycoSep 225 columns which could be used only once and the IMA columns, the efficiency after regeneration of which was 53.6 %.
stignuto izokratskim eluirawem (0,6 cm 3 /min) na koloni Hypersil ODS (100´4,6 mm; 5 mm) i mobilnom fazom acetonitril-voda (16:84, v/v). UV detekcija je vr{ena na talasnoj du`ini od 220 nm. Linearnost metode je potvr|ena u opsegu koncentracija od 0,72 -12,00 ng/ml (0,29 -4,8 mg/g kukuruza). Granica detekcije DON-a, odre|ena kao odnos signal/{um 3:1, je 0,16 ng/ml (0,06 mg/g kukuruza). Upore|ena je efikasnost dva principa pre~i{}a-vawa sirovog ekstrakta iz kukuruza: ekstrakcija na~vrstoj fazi i imunohemijska. Na|e-no je da je efikasnost ekstrakcije na~vrstoj fazi ve}a. Naime, primenom MycoSep 225 kolone efikasnost odre|ivawa iznosi 92,7 %, a primenom kolone puwene aktivnim ugqem, aluminijum-oksidom, Celitom i katjonskim izmewiva~em (CACC) 97,6 %. Me|u-tim, efikasnost imunohemijskih (IMA) kolona je znatno ni`a i iznosi samo 73,8 %. Tako|e je konstatovano da se, za razliku od MycoSep 225 kolona koje se mogu primeniti samo jedanput i ne mogu se regenerisati i IMA kolona~ija je efikasnost nakon regeneracije 53,6 %, CACC kolone se mogu primeniti najmawe tri puta.
(Primqeno 9. jula, revidirano 17. novembra 2004)
